An improved algorithm was elaborated to analyse tRNA Interaction with amlnoacyl-tRNA synthetase based on analysis of tRNA sequences. The fundamental element defining the Interaction between the tRNA and the synthetase is not a single nucleotide but a nucleotide combination named a tile which comprises of a given nucleotide and Its neighbours as they are defined by the tertiary structure of the molecule. Informational content of each tile Is calculated as Its probability to occur exclusively In a set of cognate tRNAs. Based on this algorithm the Identity sites of E.coll tRNA"* and tRNA 01 " were determined. The results are in a good agreement with the biochemical data and provide new Information about Identity sites of these tRNAs.
INTRODUCTION
The analysis of tRNA sequences has been used to predict the nucleotides involved in the recognition of tRNA by aminoacyltRNA synthetases (RS) (1,2 and references therein) and tRNAmodifying enzymes (3) . In many cases this analysis has been performed by simple comparison of available tRNA sequences. This approach is straight-forward, but cannot assure that some unique nucleotide combinations escape detection. The computer analysis developed by McClain and coworkers represented an important improvement in these analyses (4) (5) (6) (7) . In this approach, nucleotides and combinations thereof were sought which are present only in tRNA molecules specific for the given amino acid. These nucleotides have a high probability of being involved in the recognition by the cognate aminoacyl-tRNA synthetase. This method has, however, some disadvantages in that single nucleotides are only rarely unique and therefore cannot be the only identity sites. On other hand, combinations of two nucleotides which occur only in one isoacceptor set are not rare. In many tRNA isoacceptor sets, several dozen unique pairs of nucleotides have been found (6, 7) . To overcome this difficulty it was suggested that the importance of a particular nucleotide as an identity site might correlate with the number of unique covarying nucleotide pairs involving this nucleotide. Even though this correlation has no formal proof, this approach has helped to identify nucleotides which are important for the interaction between the tRNA^ and tRNA* 1 * with alanyl-(6) and arginyltRNA (7) synthetases, respectively.
The serious disadvantage of this analysis is that it relies on the rare occurrence of certain nucleotides in a given position to select a more complex identity site. For example, in the case of the tRNA^ family it was possible to predict the 3G-70U panas an identity site only because U rarely occupies position 70 in non-tRNA Ak (only five tRNAs have U in diis position in E.colf). The G at position 3 occurs too often to predict it as a separate identity she. If A-U base pairs had occurred in the 3 -70 position in non-tRNA^ as often as G-C base pairs, it would have been difficult to predict the G-U as an identity site for tRNA 1^ (6) . The same situation occurs in the Arg family, where the main identity site could be established only because of the uniqueness of A at position 20. The importance of the nucleotides at positions 16, 17 and 59 could not have been predicted. This was established only because of die proximity of these positions to nucleotide 20A in the 3D structure of tRNA (7) .
Thus, in both cases where this method has been used, fortunate circumstances aided the prediction of the identity sites. The analysis of the advantages and disadvantages of this method led to the mosaic tile model for tRNA-protein recognition which we present here.
MODEL
Specific recognition depends on the interaction between unique sites on the enzyme and on the tRNA. This interaction involves functional groups, individual nucleotides, groups of nucleotides which are close in primary, secondary and tertiary structures and combinations of these elements. We define a 'tile' as the fundamental element defining the interaction between a tRNA and a protein. A 'tile' is any single nucleotide or any pair of nucleotides found in contact in the tRNA 3D structure (Fig. 1) . This definition permits one nucleotide to be a part of several different 'tiles' having members which are not necessary in contact with each other in the 3D structure. Nucleotides in doublehelical regions belong to up to six different tiles: one tile consists of only this nucleotide, a second tile consists of the nucleotide base pair in which the given nucleotide is involved and four more tiles are formed by combining this nucleotide with each nucleotide of the two adjoining base pairs. Additional two-nucleotide tiles are formed by nucleotides that may be remote in the secondary structure but are in close proximity in me tertiary structure (8-11). As these tiles overlap, each close contact between two nucleotides is necessarily represented in at least one tile.
The surface of a tRNA molecule may thus be seen as a mosaic covered by many, independent, partly overlaping tiles. Some tiles are present in all tRNAs even those having different specificities, e.g. the CCA-3' end. If the tiles are found mostly or exclusively in tRNAs of a given specificity, they may contain the information needed by the enzyme to distinguish tRNA molecules. Such tiles we call 'informational'. The rarer the tile is in noncognate tRNAs, and the more frequent it is in cognate ones, the more information it contains for enzyme recognition and thus the more discriminatory it is for the enzyme to distinguish cognate tRNA from others.
Those tiles which determine the specificity of tRNA-enzyme interaction we call 'identity tiles'. Identity tiles can then be sought among informational tiles. If the set of informational tiles for tRNAs of a given specificity is not too large, we may be able to predict identity sites in these tRNAs relatively accurately.
METHOD
The set of tRNA sequences Fourty nine sequences of E.coli tRNAs or their genes were taken from the compilation of tRNA and tRNA gene sequences (12) and aligned as was suggested previously (13) . Modified nucleotides were replaced by their precursors. All positions except the conservative ones on the 3'-end of the molecule were analyzed. The analysis therefore included 96 positions.
Calculation of the informational content of tiles
Every tile in different tRNAs can be occupied by different nucleotides, or, in other words, can exist in different states. For example, the nucleotide at position 17a can exist in 5 different states (0, four of which correspond to nucleotides U, C, A and G, and the fifth to an empty position. Two-nucleotide tiles in general can exist in 5x5=25 possible states.
The informational content, I, of any tile is defined as the theoretical ability of the tile to serve as the sole identity site for recognition. This is calculated as a probability of the correct tRNA-enzyme complex formation from the observed frequencies (or concentrations) of all the possible states of the tile in the distinct pools of cognate and noncognate tRNAs: where: N, -is the concentration (or frequency of the occurrence) of the /-state of this tile in cognate tRNAs M, -is the concentration of the j-state of this tile in noncognate tRNAs and summation is carried out for all possible states of the given tile.
It is assumed that all tRNA species are present in solution at the same concentration, however, real tRNA concentrations can be included, if known. For unique tiles present'only in isoacceptor tRNAs of a given specificity I is equal to 1. For absolutely conserved tiles present in ah 1 tRNAs of all specificities, I is equal to the relative concentration of cognate tRNAs among all tRNAs: EN,/E (N;+M^. In real cases I is between these two marginal values. In this work a tile is considered to be informational if its I is greater or equal to 0.6.
RESULTS
Informational sites of E.coli tRNAs with respect to their amino acid specificities Based on the model described above we have calculated informational tiles corresponding to the division of all E. coli tRNAs into 'cognate' and 'noncognate' groups for all amino acid specificities. This division is important both for aminoacylation and for decoding on a ribosome. Therefore, the calculated informational tiles are valid for both major recognition processes in which all tRNA molecules take part. Since the anticodon in any tRNA serves as unique and the most important identity site in the codon-anticodon recognition process, we can expect it to contain high-I tiles in every tRNA including those for which it Here and further only those informational tiles for which I is greater than I for each of the two nucleotides considered independently are present plays no role in recognition with RS. Informational tiles in parts of the tRNA other than the anticodon are considered first as candidates for the role of identity elements in the interaction with aminoacyl-tRNA synthetases. However, they could play a role in other recognition processes in which tRNA is involved. To illustrate the power of the method we describe here the results of calculation of the informational tiles for tRNA 0111 and tRNA
Ab from E.coli. The informational tiles for all other E.coli tRNAs are present without accompanying discussion.
tRNA Gln
Since the 3D structure of the tRNA Gln -glutamyl-tRNA synthetase complex is known (14), we can directly verify the results of our calculations. The Gln-RS contacts the inner surface of the L-shape of tRNA Gkl , from the top of the acceptor stem to the anticodon. Table 1 and Figure 2 present the pattern of informational tiles in tRNA Gbl versus all other E.coli tRNAs. (Throughout this paper we use a colon to indicate tiles comprised of pairs of nucleotides other than helical base pairs; the dash is reserved for base pairs between nucleotides opposite one another in a helix). There are four informational sites in tRNA^-at the top of the acceptor stem, in the acceptor stem near acceptor-T stem junction, in the anticodon loop and at the junction of the anticodon and D-stems. All the sites contact Gln-RS in the X-ray structure (14, 15) .
The top of the acceptor stem and the anticodon loop have been shown to interact with Gln-RS and are considered as important identity sites (14, 16) . The informational site at the top of the acceptor stem consists of two base pairs, 1U-72A and 2G-71C, and nucleotide 73G. Pair 1U-72A exists in non-tRNA Gln only in tRNA Asn (RN1660). (Here and further we use the identification numbers of tRNA sequences from (12) . The first letter R or D depicts the RNA or DNA origin of the sequence; the second letter indicates the amino acid in the one-letter code; the three first numbers (166) come from the name of the organism (E. coli) and the last number is the number of a particular sequence among isoacceptors.) This tRNA also has the same nucleotide 73G but has a C-G base pair at position 2 -71. In the anticodon region of the tRNA Gbi the informational site includes the anticodon, 34(UQ, 35U and 36G, as well as nucleotide 38U and a base pair 31-39 occupied by A and U. The other tRNA in which the anticodon region is most similar is tRNA HU (RH1660), which differs only by the wobble nucleotide 34G. The sequences of the anticodon loops of other non-tRNA Gln differ much more from that of tRNA"".
The next informational site of the tRNA Gln involves D-stem, nucleotide 9C and the proximal part of the anticodon stem. The high informational content of this site is due to the concentration of several relatively rare nucleotides, 9C, 13A, 45A and 46A. As a result, this region contains 8 unique tiles which make the structure of this region significantly different from non-tRNA 6111 . This feature could have permitted the molecule to adopt a new conformation upon binding to the enzyme (14) in order to influence the recognition process. This suggestion is in good agreement with the results of Smith and Yams (17) who have found that at least some nucleotide substitutions in this region of tRNA 01 " result in changing of aminoacylation efficiency. The importance for aminoacylation of one nucleotide of this region, 10G, which is not involved in any high-I tile, was a matter of a careful analysis made by Y. Hayase et al. (18) . The authors have found that a replacement of 10G in tRNA Gln by any other nucleotide results in loss of the efficiency of the tRNA 01 " aminoacylation and based on this fact, concluded that 10G is an important identity element of this tRNA. This conclusion, from our viewpoint, has not been completely proven. To prove conclusively that 10G is an identity element of tRNA 01 ", one has to show at least one of two facts: (1) tRNA
Gln after a replacement of 10G by some other nucleotide aquires an ability to be aminoacylated by another aminoacyl-tRNA synthetase; (2) a replacement of nucleotide 10 in other tRNAs by G makes these tRNAs able to be aminoacylated by glutamyl-tRNA synthetase. However, because 10G is a semiconservative nucleotide in E.coli tRNAs (44 of 49 E.coli tRNA sequences contain 10G), it is not probable that this nucleotide plays a role of identity element in the tRNA Gln .
A final informational site of the tRNA Gln is located near the junction of the acceptor and T-stems and consists of two base pairs, 5G-68C and 6U-67A, of the acceptor stem and is unique to tRNA 010 . It was demonstrated that this region is in contact with the enzyme (19) .
So, three of four informational sites in tRNA 01 " obtained with use the of our method, the top of the acceptor stem, the anticodon loop and D-stem with proximate nucleotides correspond to already known identity sites. The fourth one, which is located near the junction of the acceptor and T-stems is also in contact with the Gln-RS and could also be important for recognition.
Several identity sites in tRNA AU for Ala-RS are known. The most important of them is the 3G-70U pair (6, 20, 21) . This site, however, is not sufficient for successful alanylation because the incorporation of 3G-70U pair in tRNA^.tRNA 1 "^ and tRNA 00 failed to make these tRNAs able to accept alanine in vivo (2, 16) . Additional nucleotides in the acceptor stem (22, 23) and in the so-called 'variable pocket' (23, 24) have also been demonstrated to be involved in the interaction with Ala-RS. We have calculated the informational tiles in order to compare them with the known functional sites.
In the tRNA compilation (12) there are three E.coli tRNAŝ equences. Two of them (RA1660 and RA1662) have been found The nucleotides with numbers beginning with the letter 'e' belong to the extra arm. Their nomenclature and alignment are taken from (13). A two-or one-digit number following the letter 'e' means that the nucleotide belongs to the double helix or to the loop between two stems, respectively. The first digit in a two-digit number designates whether this nucleotide is from 5'-or 3'-stem of the helix, whereas the second digit is the number of the base pair in which this nucleotide is involved beginning from the root of the extra arm to correspond to known DNA sequences (25) , whereas sequence RA1661 is obviously erroneous. Table 2 and Figure 3 represent the pattern of informational sites in two tRNA AU versus all nontRNA^. There are four separate regions in which tiles with relatively high I-values of are concentrated:
Most high-I tiles are concentrated in the double helical region composed of the acceptor and T stems. The tiles with the highest informational content are 3-70, 7:49, 49:66 which are unique to tRNA^, and the tiles 49:50, 49:64, 51:64, 63:64, and 69:70. The only base pair which is unique to tRNA^ is 3G-70U. It is interesting, that in the RA1661 sequence (26) which is now considered to be erroneous, this unique base pair is replaced by a 3G-7OC. The presence of this tRNA sequence in the tRNA compilation prevented McClain and Nicholas (4) from predicting this position as an identity site. Only after the rejection of this sequence it became possible to predict the 3G-70U base pair as an identity element (6). Our statistical method would predict the 3 -70 base pair as a strong candidate for an identity site even with the RA1661 sequence included (data not shown). In addition, nucleotides 50G, 51C, 63G and 64C form four twonucleotide high-I tiles. Among the other tRNAs, only tRNA 11( RT1660) possesses this element. This combination of four nucleotides could be important for recognition in the context of the 3G-70U pair described above. The region between these sites consists of three A-U pairs and contains two unique tiles 7A:49(A,U) and 49(A,U):66U. The high-I levels of the tiles in the T-stem correlate with the results of Francklyn and Schimmel (27) who have found that a minihelix comprised of the acceptor and T-stem is a much better substrate for Ala-RS than a microhelix consisting of the acceptor stem only.
In summary, we have identified at least two strong informational sites for this region from the arrangement of several high-I tiles. One of them, the 3G-70U base pair is a well-known identity site. Another one, the 50, 51, 63, 64 region can now be tested for its role in Ala-RS recognition. The only nucleotide of this region which influences the interaction with Ala-RS but does not correspond to any combination of high-I tiles, is nucleotide 73A. This does not contradict the analysis presented here; it means only that although this nucleotide is important for interaction with Ala-RS, it cannot be used for distinguishing between tRNA^ and non-tRNA^. Because of the proximity of nucleotide 73 to the catalytic site, it may have a common functional role in many tRNAs.
The second region of tRNA Ah molecules where informational tiles are concentrated includes positions 16C, 17U, 20G, 59U and 60C. The nucleotides at these positions are identical in both tRNA^. Two nucleotides, 20G and 60C, are also found in tRNA Val (RV1662). Nucleotides 16C and 17U involve in informational tiles with nucleotide 59U. The complete structure of this region occurs only once in non-tRNA* 1 * (RV1662). So this region can be considered a relatively strong informational site. Although nucleotide 60C is probably not involved in the recognition of Ala-RS, nucleotide 20G of this region in the context of the empty position 20a has now been shown to be important for interaction with Ala-RS (23) (24) , so this region is not only informational, but an identity site.
The third informational site in tRNA AU is the anticodon. Although it is well-known that the anticodon in tRNA^ does not influence the interaction with the cognate synthetase (28 and references therein), it serves as the only identity site of the tRNA Ala in codon-anticodon recognition and must, therefore, contain the information concerning its amino acid specificity. Although it is not established up to now, the anticodon in tRNA AU could also serve as a negative discriminator element preventing an illegal aminoacylation of the tRNA by synthetases which specifically interact with the anticodon.
Other E.coli tRNAs In this part we present the informational tiles for all other E. coli tRNAs with respect to their amino acid specificities (Table 3) . For each tRNA its pattern of informational tiles defines the parts of the molecule by which this tRNA differs form all other tRNAs and can be interpreted in terms of the tRNA-aminoacyl-tRNA synthetase recognition process. As it was mentioned above, in our calculations we do not use any information about posttranscriptional modifications of tRNA molecules, i.e. modified nucleotides in real tRNA sequences were replaced by their precursors. Where the tRNA-enzyme recognition process is not influenced by tRNA modification, the results of the calculation are generally in good agreement with the experimental data. In a few cases, where tRNA modifications are essential for correct aminoacylation (see 2), a direct comparison of the calculations with the experimental data is not possible. In these relatively rare cases, however, the modifications are unique or almost unique and can be determined to be high-I tiles even without calculation. Unfortunately, a general analysis of the possible role of tRNA modifications is made more difficult by inconsistency in the tRNA sequences (12) .
DISCUSSION
The presented method for prediction of identity sites uses for the first time a tile concept in the analysis. Single nucleotides or combinations of nucleotides in close contact with each other in the 3D structure can thus be used instead of arbitrary nucleotide combinations. Theoretically, an enzyme could interact simultaneously with many of these sites and the interaction at any one site could influence interactions at other sites. However, due to some flexibility of both RNA and proteins, the tRNA sites which are spacially distant in the three dimensional structure of the molecule, can be considered independent. On the other hand, if two sites are close enough that the position of each one is significantly influenced by the position of the other, then these sites should rather be considered as parts of the same unit. The tile in our model is, therefore, the fundamental mediator of the interaction between a tRNA and an enzyme. An enzyme can recognize a cognate tRNA only by examining some of its tiles. By taking into account only neighbouring nucleotides we have also reduced the number of unique combinations and made it possible to consider each tile individually.
The second improvement of the method stems from the calculation of the informational content I for each tile as a measure of uniqueness, instead of the consideration only of unique nucleotide combinations. Many important identity tiles are not absolutely unique, being found in other noncognate tRNAs and therefore could not be detected previously. The fact that identity sites are not absolutely unique seems to reflect their real property, namely that they are recognized by their context, and, therefore, it should not be alarming if some identity sites are observed in several noncognate tRNAs. Statistical consideration of the frequency of particular nucleotides also makes the cross-validation procedure unneccessary (7) . High I tiles are found even when they are not absolutely unique, regardless whether exceptions are due to sequencing mistakes or to real degeneracy of the recognition code. Another advantage of the statistical approach is the possibility to correct these values for the real concentrations of the various tRNAs in solution. It is well-known that altering concentrations of tRNAs can result in significant misacylation (29, 30) .
In this article we considered as informational only those tiles with I greater or equal to 0.6. However, in calculations of informational tiles of E. coli tRNAs of all other specificities we have shown that tiles with lower I-values are not distributed randomly but are concentrated around high-informational tiles, forming elongated high-informational areas. It should be noted also that an enzyme, in turn, interacts not simply with particular nucleotides of tRNA, but with wider areas on its surface. The elements of such areas are recognized by the enzyme in the context of each other. Even unique nucleotides (e.g. 20A in tRNA^, (7)) or nucleotide pairs (3G-70U in tRNA^, (6, 16, 23) ) are recognized by the corresponding synthetases not as they are, but together with their surroundings. In other words, an identity site can be considered to consist of a set of identity tiles. Thus, tiles represent the fundamental blocks from which sites are built.
In the present article we calculate I as the probability of the correct tRNA-enzyme complex formation. This, of course, is not the only way to represent the informational content of a tile. Formulas based, for example, on information theory, can be used. The only requirement which must be satisfied is a direct correlation between I and the degree of uniqueness of a tile.
We present here an algorithm for the calculation of informational sites, through which one set of tRNAs can be distinguished by the cognate enzyme. The power of the method is illustrated by comparing its predictions to examples of tRNA-aminoacyl-tRNA synthetase interactions in E.coli. It is obvious that the same method can be applied to any other recognition process in which tRNA is involved. Recognition processes involving macromolecules other than tRNAs can also be investigated by the presented method. The following prerequisites must, however, be satisfied:
1. All the molecules must possess a similar 3D structure. 2. Gose contacts between the positions in the 3D structure must be known.
3. It must be possible to divide the molecules into cognate and noncognate pools with respect to a given recognition process.
This study was presented at the conference 'The translational apparatus' (Berlin, October 31-November 1, 1992).
